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SELECTION AND DESIGN OF FOUNDATIONS FOR THE I-15/US 95 INTERCHANGE, 
STAGE II IMPROVEMENTS- A CASE STUDY 
Joy J. Lee 
Parsons BrinckerhoffQuade and Douglas, Inc. 
3840 Rosin Court 
Sacramento, California-USA-95834 
ABSTRACT 
John M. Tchancy 
Parsons Brinckerhoff Quade and Douglas, Inc. 
3840 Rosin Court 
Sacramento, Califomia-USA-95834 
Paper No. 7.05 
Parsons Brinckerhoff (PB) is acting as design consultant for the Nevada Department of Transportation (NDOT) for the Stage II 
Improvements to the 1-15/US 95 Interchange located in Las Vegas, Nevada. The improvements to the interchange include the design 
and construction of seven new bridge structures. All seven structures will usc drilled shaft foundation systems for support. 
This paper describes the selection and design ofthe drilled shaft foundation systems for Ramp N-MLK, a sixteen span precast 
segmental box girder structure. 
Subsurface conditions and geotechnical data for the project site are described. A comprehensive design methodology was used, 
including consideration of service loads, seismic loads, creep and shrinkage. A procedure for determining the equivalent pier length 
to be used in the structural analysis was developed. A procedure to ensure plastic hinging above ground was developed. This 
procedure is presented, along with a comprehensive design example. 
KEYWORDS 
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INTRODUCTION 
The Nevada Department of Transportation (NDOT) is 
currently developing improvements to the 1-15/US 95 
Interchange, also known as the "'Spaghetti Bowl" Interchange, 
located in Las Vegas, Nevada. The project has been divided 
into several stages to be designed and constructed over the 
next few years. Parsons BrinckerhoffQuade & Douglas, Inc. 
is acting as the design consultant for the Stage 2 
improvements to the interchange, which includes the design 
and construction of seven new bridge structures. All seven 
structures will use drilled shaft foundation systems for 
support. This paper focuses on the selection and design of the 
drilled shaft foundation systems for Ramp N-MLK, a sixteen 
span precast segmental box girder structure. 
SUBSURFACE CONDITIONS AND GEOTECHNICAL 
DATA 
The 1-15/US 95 Interchange is located in the central portion of 
the Las Vegas Valley, which is filled with Quaternary and 
Tertiary age normally consolidated sediments derived from 
the surrounding mountains. The sediments consist primarily 
of sand and clay deposits with interbedded lenses of silt and 
gravel. Secondary cemented deposits of calcium, magnesium 
and silica carbonate (caliche and cemented sand and gravel) 
occur at many locations and depths with a highly variable 
degree of cementation. The existing 1-15 alignment is located 
on embankment fill throughout the project site (Kieinfelder, 
1996). 
The field exploration program for the 1-15/US 95 project site 
consisted of drilling 151 borings at depths ranging from 7.8 m 
to 28.8 m below existing grade. An extensive laboratory 
testing program was also undertaken to classify and evaluate 
the engineering properties of the soils. 
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Seventeen borings were drilled along the proposed Ramp N-
MLK alignment. Embankment till soils typically consisted of 
medium dense to very dense silty sand with some gravel. 
Native soils typically consisted of dense silty sand and low to 
high plasticity, very stiff to very hard sandy and clayey slit 
with sandy and silty clay. Caliche layers were frequently 
encountered in the borings at variable depths. Caliche cores 
along the proposed Ramp N-MLK alignment had 
compressive strength values ranging from 26.3 to 40.5 MPa 
(Kieinfelder, 1996). 
FOUNDATION SELECTION 
Three types of foundations were considered for the bridge 
structures on the I-15/US 95 Interchange Project; spread 
footings, driven pile foundations and large diameter drilled 
shafts. A preliminary foundation investigation was 
performed in February of 1995, prior to the commencement of 
bridge design, to evaluate feasible foundation systems and 
develop geotechnical parameters for preliminary structure 
design. The paragraphs below discuss the three foundation 
systems considered for this projecL 
Spread footings 
The preliminary geotechnical investigation recommended an 
allowable bearing capacity of 192 kN/m2 . Preliminary 
structure foundation loads at each hent were estimated as 
follows; 
Moment = 41 ,000 kN/m 
Axial load= 15,000 kN 
Shear = 3500 kN 
A spread footing size of approximately 13.5 m by 13.5 m was 
estimated for the bridge foundations. Spread footing 
excavations of this size would cause major traffic handling 
issues where the new ramps border or cross over existing I-15 
or US 95. Large spread footing excavations adjacent to local 
streets would also be required at some locations. 
Construction right of way considerations precluded the usc of 
spread footings for the major structure foundations. 
Driven pile foundations 
The preliminary geotechnical investigation identified 
cemented deposits and very dense soil layers throughout the 
project site. Difficult pile driving was anticipated at many 
locations. thus driven pile foundations were not selected as 
the preferred foundation system. 
854 
Drilled shaft foundations 
Single large diameter drilled shafts have been used 
successfully on many major hridge projects throughout the 
western United States and provide superior performance 
where large vertical and lateral loads are anticipated. In 
addition, drilled shafts have a smaller footprint than other 
foundation systems and are often used in limited right of way 
situations such as highway medians. The soils in the project 
area have a moderate to high degree of cementation, which 
will help to control caving. 
Large diameter drilled shaft foundations were selected for the 
bridge structures on the basis of construction right of way, 
constructibility and load carrying capacity. 
AXIAL CAPACITY 
Often the first step in designing a drilled shaft for a bridge 
structure is to estimate the length of the drilled shaft based on 
axial load carrying capacity. For the I-15/US95 Interchange 
Project, the axial and lateral design of the ,Jrilled shafls were 
separated. A graph of axial capacity versus drilled shaft 
length was provided hy the geotechnical engineer for each 
foundation location. The pile length required for axial load 
was used as a starling point for the lateral analysis. 
Additionally, the length of the shall below ground should be 
approximately eight to twelve times the diameter to ensure 
long-pile behavior. Long piles are those with lateral capacity 
primarily dependent on the yield moment of the pile itself, 
whereas short piles are those with lateral capacity dependent 
only on the soil resistance (Poulos. 1980). Long pile behavior 
is desirable in order for plastic hinging to occur and to avoid 
large structural displacements associated with short pile 
behavior. 
EQUIVALENT LENGTH 
When designing a bridge structure, the engineer must know 
the column length at each support location to perform an 
accurate structural analysis. For a bridge that is to be 
supported on a spread footing or a pile cap with piles, the 
foundation is usually located near the proposed finished 
ground surface; L~us the column length and stiffness can be 
estimated accurately. lfthe structure will be supported on 
drilled shafts, the determination of the column length is not 
as clear, because the point of fixity is located some distance 
below the ground surface. See Figure 1 for the difference 
between how traditional and drilled shaft foundations are 
represented in a structural m(xlel. 
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TRADITIONAL FOUNDATIONS 
actual structural model 
FOUNDATIONS USING DRILLED SHAFTS 
actual structural model 
Fig. 1 Structural Representation of Foundations 
PLASTIC HINGING 
The design criteria developed for the I-15/US 95 Interchange 
Project requires all bridge structures to satisfy the design 
requirements for AASHTO seismic performance category C. 
As outlined in AASHTO article 7.2.2, the forces resulting 
from plastic hinging al the top and boll om of the column 
must be calculated. For a single column bent, a plastic hinge 
is expected to form at the interface between the soffit of the 
bridge and the top of the column. For a single column bent 
with a drilled shaft foundation, a second plastic hinge is 
expected to form in the drilkJ shaft at the point of maximum 
moment, which is typically located some distance hclow the 
ground surface. 
The formation of the second plastic hinge below ground was 
an area of concern on this projecl. Plastic hinges which form 
below ground could be difficult and/or costly to inspect after a 
seismic event if extensive excavation is required to uncover 
the hinge location. The seismic design recommendations 
recently published hy the Applied Technology Council 
(Applied Technology Council, 1996) require that full or 
limited ductility structures should be detailed and 
proportioned so that plastic hinges form in accessible 
locations. If plastic hinges cannot be forced to an accessible 
location, the structure should be designed elastically. Step 8 
of the Design Methodology describes the procedure used to 
force plastic hinging at the ground surJltce. 
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STABILITY RATIO 
A drilled shaft is considered stable when a decrease in the 
length does not result in excessive deflection. The stability 
ratio indicates the factor of safety the drilled shaft has against 
overturning, and is defined as the actual design length over 
the critical drilled shaft length. A stability ralio of 1.0 is the 
minimal requirement. This ratio should be larger the greater 
the uncertainty of the soil; generally a ratio of 1.5 is 
recommended. 
DESIGN METHODOLOGY 
The procedure used for the design of the drilled shall 
foundations on the I-15/US 95 project is presented below. 
Results from Pier I of Ramp N-MLK are used throughout the 
design procedure as an illustrative example. 
The engineer must calculate an equivalent pier length {Lc) 
which is defined as that length of pier (Lp) plus drilled shall 
(Ld) which when tixed at the bottom will produce the same 
deflections at the top of the pier for a given load as the actual 
pier plus the drilled shaft surrounded by soil. Determining 
the equivalent pier length eliminates soil from the analysis, 
enabling the use of commercial bridge design software which 
often docs not allow the usc of soil boundary conditions. See 
Figure 2 for a diagram of the actual pier and the equivalent 
pier length. The foundation report often provides a good 
starting point for the initial estimate of the equivalent length. 
L,, 















--------- - -j-----------· 
no soil / 
' 
point of fixity 
EQUIVAI.F.NT PIER 
Fig. 2 Ar:tual and Rquivalent Pier Lengths 
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2. Using the equivalent length previously calculated in Step I, 
an initial structural analysis was performed to determine 
forces (axial load, shear, and moment) at the top of the 
columns for dead, live, prestress, wind, wind on live, 
longitudinal force, centrifugal force, temperature, creep, and 
shrinkage loads. Sec Figure 3 for the loads for Pier I of Ramp 
N-MLK. 
3. The critical loading combination for the above ground 
portion of the column was determined (AASHTO Group VI, 
Case 2 for the design example). 
4. Using the loads described above, the equivalent length was 
checked as follows: 
• Moments and shears were summed for each loading case 
using AASHTO group loading (refer to AASHTO Table 
3.22.1A) 
• Moments and shears were combined into vector resultants 
• A soil-structure interaction analysis was performed using 
LPlLE to get deflections and rotations at the top of the 
column 
• The equivalent length was calculated using the Rigorous 
Method equations shown below (Caltrans, 1986). The 
average of the four equations gives the equivalent length. 
_ ( 20,. El) 112 




Llv ~top of column deflection due to applied shear (V) 
L'.M ~ top of column deflection due to applied moment (M) 
8v ~ top of column rotation due to applied shear (V) 
8M =top of column rotation due to applied moment (M) 
l,l,+ 
2 3 
Dead Prestress Trans Long Axial 
My (kN-m) 0 0 1584 379 842 
-~X (k~-_1_11) 35 0 7.1 112.1 147 






Lw = equivalent length due to deflection under applied shear 
L8v= equivalent length due to rotation under applied shear 
L," ~ equivalent length due to deflection under applied 
moment 
L8M= equivalent length due to rotation under applied moment 
The results for Pier 1 are presented below. 
•!• Controlling group VI2 
•!• V~868kN, Llv~0.32m, Ov~0.0252rad 
•!• M=25,138kN-m, ~..,1=0.21m, 8~=0.0228rad 
•!• Lt.v=-19.43m, L8v=l9.54m 
•!• Lt.M=l8.79m, L0M=l9.59m 
•!• Lr.ALc=19.34m, LAs~uMr.o=19.89m,% change=2.79 
• Compare the assumed equivalent length with the actual 
equivalent length calculated above. If the two do not 
converge, then re-run the structural analysis programs 
using the new equivalent length. Repeat the procedure 
starting from Step 2 until the assumed and actual 
equivalent lengths converge. 
5. Using the loads from the structural analysis with the 
converged equivalent length, a column analysis program 
(RECOL) was used to design the column cross section above 
ground. The results from the design example are as follows: 
1.30% (348.39 em') of steel required. 
Using the LPILE program, apply the individual components 
of the loads at the top ofthe pier and determine the 
corresponding maximum moments below the ground line in 
the drilled shaft for each load component. The loads at the 
bottom of the equivalent member from the structural analysis 
are fictitious because they do not account for the effects of the 
soil. LPILE takes soil into consideration. Figure 4 shows the 
soil profile used in the LPILE analysis. The loads below 




WL LF CF T,C,&S I Case 1 Ca!u~ 2 
11 5 0 50 1627 955 
23 1091 0 4594 12610 24417 
9 18 0 71 405 605 
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D F Bottom of Soffit 
Prer EG 
c~ 165 
E .. ,= S.OOE-3 
c~ 1221 
Eoo= 3 OOE-3 
c~ 303 
Eso= 4 40E-3 
c~ 139 
Eoo= 5 BOE-3 
c~ 1756 




Ew= 4 OOE-3 
C" 290 
E,o= 5 OOE-3 
K~ 2 73E+5 213 m 
y- 19 
K~ 1 80E+6 3 35 m 
r= 10 
K~ 446E+5 4 57 m 
y= 10 
K~ 2 05E+5 183 m 
"F 10 
K~ 2 59E+6 091 m 
'(= 10 
K~ 2.68E+5 183 m 
y-- 10 
K- 6.02E+5 183m 
r= 10 
K= 1.42E+5 4 27 rn 
y= 10 
K= 4.27E+5 011 m 
Y= 10 
Undrained Shear Strength {C)rn kNim' 
Modulus of Subgrade Reaclron (K) in kNtm' 
Soil UOII Weight (y) rn kNim' 
• drawrng not to scale 
Fig 4 Soil Profile for Pier I of Ramp N-MLK 
7. With the loading information from Step 6, RECOL is again 
used to design the shaft below ground< The results from the 




Dead Prestress Trans Long Axial 
Load Load Mx-Max N-Max 
~~~ (kN-m) 0 0 l5R7 3RO 842 
1\~~_(~-m) 31 0 15 246 29 
761 685 1522 
3479 1972 2743 
13 198 28 





A different cross-section was used for the column (above 
ground) and the shaft (below ground). The shaft has a 
diameter of0.3 meters larger than the column for various 
reasons such as making the columns easier to construct, 
eliminating the need for lap-splicing, and providing a weak 
point for plastic hinging. 
8. A plastic hinging analysis was performed next. The top of 
the column was loaded with the plastic moment and the 
corresponding axial load. The lateral shear was then 
incremented until the second plastic hinge formed below 
ground. This was necessary because the location of the plastic 
hinge and the corresponding plastic shear were unknown. The 
results for the design example are as follows: 
• plastic moment capacity Mp = 16,406 kN-m 
• associated axial load P, ~ 4815 kN 
• incremented plastic shear V P-= 2,225 kN 
The plastic shear and moment are the largest forces the drilled 
shafts will ever experience, therefore the pier is loaded with 
the plastic forces to determine the demand moment 
distribution curve. From the column and shaft sections 
previously designed, the corresponding moment capacities 
were determined: 
• column plastic moment capacity Mp = 16,406 kN-m 
• shaft plastic moment capacity Mp = 21,474 kN-m 
As shown in Figure 6, the demand moment is greater than the 
shaft plastic moment capacity, so plastic hinging will occur 
below ground, which is an unfavorable condition. To force 
plastic hinging at the ground surface, the amount of steel in 
the drilled shaft was increased until the shaft plastic moment 
capacity was 33% greater than the largest moment from the 
demand moment distribution curve. The resulting shaft 
design for Pier l was as follows: 
• 1.51% (522.58 em') of steel 






Fig. 5 Shaft Service Loads for !'ier 1 of Ramp N-.-WK 
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Depth 10 change in --~ jm) 
20 
R~viseJ Shafl-
Mp=27,96] kN-m 10 ----+ 
Demand Moment 
Initial Shaft -- 40 Distrthution Curve 
Mp~2I,474 kN-m 
Fig. 6 Demand and Moment Capacity Diagram 
9. To finalize the design of the drilled shaft, a check of the 
stability ratio determined whether the pier should be 
lengthened or shortened. A stability ratio curve was generated 
by running LPlLE for several trials with different shaft lengths 
to get the deflection at the ground level. As shown in Figure 
7, the critical pile length is the point where the deflection 
increases sharply on the deflection-verses-shaft-length-curve. 
In this case, the critical pile length is 12 meters, which gives a 
factor of safety of 1.50, since the shaft length used for design 




0.2 + ~ 
0 ' 
~ Critical S~aft Length 
0 5 10 15 20 
Shaft Lenglh He low Ground (m) 
Fig. 7 Stability Ratio 
CONCLUSION 
The following information for Ramp N-MLK is presented in 
Figure 8. 
• a summary of the controlling AASHTO load groups 
• the difference between the equivalent length assumed and 
computed (Step 4) 
• the reinforcing steel required for the columns and shafts 
AASHTO Load Group VI, Case 2 was the controlling loading 
group for most of the columns and drilled shatts. Load Group 
VI includes a combination of forces from temperature, creep 
and shrinkage. Creep and shrinkage loads were substantial for 
the precast segmental bridges on this project" Also, columns 
and drilled shafts near the ends of the structural frames (Piers 
4,6, II and 14) attract a greater portion of temperature load 
and thus require larger amounts of reinforcing steel. 
In the columns the amount of steel required ranged from 
1.05% to 238% of the gross area of the column. In the drilled 
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shafts the amount of reinforcing steel ranged from 1.26% to 
2.02% of the gross area of the drilled shaft. 
As shown in Figure 8, the difference between the assumed and 
actual equivalent length was kept to within seven percent. 
Although not shown in the example, it took several iterations 
to obtain convergence of the equivalent length. Each time the 
equivalent length was changed, all of the structural analysis 
models had to be reanalyzed. Having an accurate initial 
estimate of the point of fixity can greatly reduce the design 
effort required for bridge structures with drilled shaft 
foundations. 
Column (Dia -1.8 m) Shaft(Dia-2.1 m} L., 
Frame P1er Load As% Des1gn A>% Des1gn % 
No. No. c~, Requ1red Required DifferenCE 
1 1 Vl,2 1.30 29# 36 1.51 36#43 
"' 1 2 Vll,2 1.05 29# 36 135 32#43 .0.1 
1 3 Vl,2 1 05 29 # 36 160 38#43 3 I ;----- -------1 4 Vl,2 1.90 49# 36 2.02 49#43 c--'-------------112 • lH, 3 __ !:~-- 28#36 1.26 .. -~~ !_~:--, --,~ 00 - --"-''·--"" 
2 
' 
Vl,2 1.65 44#36 1.85 44#43 .0.5 
------- - -------
-0 
2 7 Vl,2 1.20 32#36 1.56 37#43 .... 
--------- ------
00 -0 .. _ _. 
2 
' 
V1,2 1.35 36#36 1.51 36#43 2 
.-
-
2 Vl,2 135 36#36 2 02 48#43 -1 
-2-il to lH, 3 1.05 28#36 1026 30#43 4 
------ --·-------
3 11 V1,2 2.38 44#43 2 02 48#43 3 
--- -
3 12 V1,2 150 40# 36 1.51 36#43 -2 
-- -
3 13 Vl.2 1 05 28# 36 135 32#43 2 
3 14 V1,2 2.38 44#43 1.35 32#43 -7 
Fig 8 Summary of Column and Shaft Design, Ramp N-MLK 
As of June l 997, fmal design of the 1-15/US 95 Interchange 
Project has been completed. Bid documents are expected to 
be available in September of 1997, and construction should be 
completed by December 1999. 
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